Oyster farming structures are artificial obstacles which disturb tidal flow and wave propagation. These effects can induce modifications of erosion and sedimentation patterns, turbidity changes, local silting up and can be threatening for the shellfish farming itself. The understanding of the impact of these structures in terms of hydrodynamics and sediment dynamics in the far-field, i.e. at the scale of a bay, is a very challenging task.
Introduction
Oyster farming took off in France in the middle of the nineteenth century with the first thoughts about oyster exploitation and preservation methods by the pioneers De Bon, Coste & Michelet (www.ostrea.com). Nowadays, four different farming techniques are used by the French oyster farmers: (1) "on the ground farming", where oysters are simply spread on the tidal flat and picked up during low tide; (2) "deep water farming", where oysters are spread on the ground too, and harvested by a dredge; (3) "suspended farming", where oysters are suspended on ropes, particularly used in the southern France, and (4) the most widely used technique, "elevated farming", which is the most adapted to coasts open to waves and currents. In this case, farms whose dimension can be several squared kilometres, consist of a set of rows of iron wire "tables" which are 100m long by 1m wide (figure 1). Oysters are locked up in meshed plastic bags attached to these tables.
Figure 1: oyster farm in the Mont Saint-Michel Bay
The latter farming technique leads to better quality oysters and increases the productive capacity thanks to reduced losses. However, shortly after the farm installation, an increase in the bed level by sediment deposits has been observed around the structures. This effect could be inherent in this elevated farming technique where oyster tables could induce a decrease in velocity and a deviation of the tidal flow, a local "agitation" weakening and a flow canalization [22] . Sediment deposits under the oyster tables could therefore be protected from erosion, which would explain the observed increase in bed level under the tables. These phenomena are directly or indirectly responsible for mortality events [14, 17] . These observations have therefore prevailed to a massive oyster farms reorganization since the early seventies in the Mont Saint-Michel Bay [1] . Numerical studies were carried out in order to estimate the morpho-sedimentary effects of oyster or mussel posts [19, 21] but were never really validated. Cayocca [4] introduced the effects of mussel farms on flow circulation and sediment dynamics into a numerical model by increasing the hydraulic roughness used for velocity computations at the location of mussels structures. This study opens a way of modelling mussel or oyster structures implantation but needs to be validated and particularly, the local hydrodynamic processes need to be more accurately described. Some studies were carried out in flume tanks: Bouma [3] studied spatial flow and sedimentation patterns within patches of epibenthic structures; Plew [16] used vertical rough cylinders in a flume tank in order to investigate the impact of long-lines mussel farms on the flow. Other studies were also carried out for biological motivations: Lundquist and Pilditch [12] performed experiments in a flume tank that mimics water movement near the seafloor to give an indication of flow speeds that result in transport of bivalves. The impact of oyster tables on the wave pattern and on the bottom shear stress was estimated by Guizien [8] with a few restrictions: tables were simply modelled by horizontal solid plates, for normal incidence only and without currents. To our knowledge, no other experimental study has been carried out on the interaction between oyster tables and their hydrodynamic and sedimentological environment. Since the beginning of the eighties, measurement devices have greatly benefited from the emergence of high performance optic and acoustic sensors. These new devices allow high frequency field measurements of waves, currents and turbidity [11, 29, 20, 5, 2, 6, 7, 27, 24, 4] . Nevertheless, apart from some recent field studies [9, 10] , no deployment focuses on the impact of oyster farming on hydrodynamics.
The present paper describes the experimental study undertaken to determine the impact of an oyster table on the flow, in order to understand fluid/structure interaction effects, particularly in terms of sediment dynamics. Flume tank experiments considered here allow a perfect control of the environmental parameters in order to facilitate the physical understanding of the flow around the overall structure. A specific oyster table model was developed to allow collecting data on the flow by Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV) techniques.
First, in the results sections, velocity maps are produced around the table which underline boundary layers developments and areas of flow decrease in speed. Then, in the discussion section, the impact of an oyster table on hydrodynamics and on sediment dynamics are both investigated: velocity profiles are used in order to determine table-induced and bottominduced shear stresses; maps of turbulent kinetic energy and Kolmogorov microscale are examined in order to localize areas of flocculation or fragmentation. These data will be used to validate numerical studies which will be described in a future paper.
Experimental device

Experimental setup
The experimental study took place in the IFREMER (French Research Institute for Exploitation of Sea) free surface flume tank in Boulogne-sur-Mer, France. The flume tank (figure 2) provides an homogeneous current in the range [0.15 ; 2 m.s In the field, an oyster table is typically 100 m long, 1 m wide and 0.7 m high; a good understanding of the sharp current-table interactions droves the choice of a 1/2 scaled model according to Froude similarity. Representing the whole table lengthwise would have required a much greater scale. However, effects of the table length on the flow pattern were investigated through the use of 2 experimental tables of 3.6 m and 7.2 m long. These dimensions were chosen so as to allow future oblique orientations in the tank. The oyster table model was made of 8 mm diameter galvanized iron rod. The oyster bags were manufactured with the same plastic nets as used in the field, but with a 7 mm meshes (half as large as in the field), while the size ratio between reality and experiments was preserved. Photos and dimensions of the model are given in figure 3 . The bags were filled with real pebbles used to simulate oysters. Cylindrical holes were cut out in the middle of few bags in order to allow laser measurements under the table. Note that oyster net structures are not able to fluctuate laterally. was generated at a 2.5 cm level from the bottom by the propellers, which means a velocity of 0.5 m. For a clear localisation of the velocity fields that will be described in various planes, a global frame of reference (O,x,y,z) is chosen. The origin is set at the middle of the upstream table side, just under the first bag (figure 4). Ox is the in-line axis, Oy the transverse axis and Oz the vertical axis.
Instrumentation
Two non-intrusive measurement devices are used to characterize the flow in the vicinity of the table:
 a two-component Laser Doppler Velocimeter for local measurements,  a two-component Particle Image Velocimeter for global information on the flow.
LDV is a laser-based method used to measure the flow velocity at a given point, thanks to Doppler Effect. The laser beam generator emits two pair of beams, one for each velocity component being measured, which intersect at a known distance from the probe. When two coherent, collimated laser beams intersect, they form an interference fringe pattern. The intersection location defines the measurement region. The spacing between interference fringes is a known function of the laser wavelength and the separation angle between the two laser beams. Small tracer particles are used to follow the fluid flow through the measurement region by means of laser light reflection (when passed through a fringe). The seeding particles used for our experiments are 15 µm diameter silver particles. The velocity can be calculated from the reflection frequency and the spacing between interference fringes. The available LDV device allows to measure two velocity components thanks to two wavelengths (514.5 nm and 488 nm) as described in Pichot [15] . The velocity components are measured along the x and y directions.
A particular feature of the LDV measurements is that the number of data recorded in a given time window is strongly dependent on the local seeding conditions: measurements are only possible when a particle moves across the measurement volume. Some regions therefore allowed high frequency acquisitions (exceeding 35 Hz); whereas close to the walls or near recirculating zones, the acquisition rate falls to very low values (lower than 5 Hz). In order to achieve as the most homogeneous sampling possible, an inhibit method was used and data was recorded under time control rather than sample length control. This technique allowed to obtain a sample length never exceeding 100 seconds (which is an order of magnitude larger than the time scale of the flow fluctuations) with a number of data points per sample never exceeding 3500. The long time span allows an accurate estimate of average values for velocity and turbulence intensity.
Nowadays, PIV is the most used velocity measurement technique in fluid-mechanics. This success results from the fact that it provides information over the flow field, at many points simultaneously. The PIV is a very simple non-intrusive technique. The fluid is seeded with tracer particles (the same as for LDV) and the region under investigation is illuminated by a laser. A picture of the illuminated region is captured and a second picture is taken a short time period later. The analysis of these images yields the particles displacement [26] . The velocities are obtained by dividing the distance by the elapsed time between laser pulses, and an instantaneous velocity vector map is produced.
A two-chamber Gemini PIV Nid-Yag 2 x 120 mJ pulsed laser at 15 Hz is used for the experiments. The camera is a Hi-sense, 1280 x 1024 pixels , where U and V are respectively the in-line velocity and the transverse velocity. Finally, an average filter substitutes each vector with the uniformly weighted average of the vectors in a neighbourhood of a size of 3 x 3 vectors. Instantaneous velocity fields are obtained and generally, a series of 80 instantaneous measurements are statistically averaged to get the mean velocity field.
Experimental protocol
These experiments focus on the hydrodynamic phenomena relevant to investigate sediment dynamics. Its aims are therefore:
 to estimate the effect of the table length  to understand mechanisms which take place around the oyster table (boundary layer development, wake, ...)  to emphasize some areas of flow acceleration or deceleration, particularly near the bottom.
Six vertical measuring profiles (each profile consists of 17 measurement locations) or maps normal to the flow (each map consists of 50 measurement locations) were investigated with the LDV technique on the 3.60 m table and 10 more maps or profiles on the 7.20 m table. Each map is described by 1 horizontal profile and 3 vertical ones (figure 4). Moreover, 6 vertical planes were sampled with the PIV technique along the 7.20 m table longitudinal axis. In order to compare both measurement approaches, LDV profiles were spatially averaged while the records from both systems were processed using the same averaging time lag. Tables were aligned with upstream flow and so were most of the field observations, i.e. incidence effects were not investigated. 
Results
LDV velocities along the 16 monitoring profiles are interpolated in order to generate 2D velocity plots as shown on figures 5 to 16. The extrapolation between two profiles is validated from PIV results. This technique is less accurate (in term of frequency) than the LDV one but provides a global overview of the flow field at a given time. Figure 5 shows the good agreement between these two techniques at the trailing edge of the table (the most turbulent area of the flow around the table) as well as everywhere above the structure. Note that all velocity fields or profiles are presented with a scale in m.s -1 .
Figure 5: Longitudinal velocities at the trailing edge of the 7.2 m table (Oxz plane) obtained by PIV (on the left) and LDV (on the right, after interpolation between profiles at x=6.65 m and at x=7.65 m).
The 1/2 scale is applied to the table width but not to its length, which should have been of 50 m in order to reach a geometric similarity compared to the field. Because of the important model shortening (3.6/50 and 7.2/50), we first investigated the validity of the following hypothesis: is the global flow around a 1/2 scale table of less than 10 meters in length representative of the flow around a 50 meters length table? Figure 6 shows the velocity field around the 3.6 and 7.2 m length tables and the boundary layers development. There are 3 boundary layers around the structure: one above the LDV velocity vectors are drawn on figure 9. Behind the trailing edge of the table, the two velocity profiles coalesce into one profile in the wake. The magnitude of the depression in the velocity curve is directly connected to the drag on the table. In the case of a flow around a smooth plate at zero incidence and far from the bottom, the drag coefficient of the velocity profile in the wake is calculated by using the momentum equation [18] . We do not attempt to do this calculation due to the complex shape of the oyster bags and the interactions between the structure and the bottom. Velocity profiles in the other vertical planes, respectively in the planes y = 0.15 m and y = 0.30 m (figure 9) give additional information on wake evolution and decrease in speed in 3D. The broadening of this wake is clear in the plane y = 0.30 m, i.e. 5 cm outside the edge of the oyster bags. At the table level (altitude z = 0), the decrease in speed increases with the distance (wake broadening). The same graph highlights an important velocity decrease from under the table down to the ground level, which can be due to the presence of the table supports. In fact, this velocity decrease is higher in the plane y = 0.30 m than in the median plane.
In the plane y = 0.15 m, the wake development is quite similar to the development on the median plane but within a smaller velocity decrease close to the oyster bags.
This wake broadening is confirmed by the horizontal LDV cartography which was carried out 3 cm above the oyster bags ( figure 10 ). The wake expands according to the transverse component and some areas exhibit very large decelerations: up to 50 % of velocity decrease above the table after half a table length. In order to fully understand the wake development around the overall structure, LDV longitudinal velocities cartographies along the table (YZ planes) are investigated ( figure 11 ). On the first three planes (planes 4 to 6, see figure 4 for the location of the planes), there is a high velocity decrease close to the oyster bags in the area where the wake expends. The boundary layers below the table and above the bottom do not meet in the median plan (the wake exhibits a conical shape under the table). On the last plane (plane 15), just behind the table, the velocity attenuation is above 20 % everywhere from the bottom to the table. 
Discussions
The main purpose of this study is to determine the local impact of an oyster table on the hydrodynamics on the one hand, i.e. in terms of circulation modifications and current dissipation, and on sediment dynamics on the other hand, i.e. in terms of turbulence near the bottom and sediment motion. The oyster farm-related drag could be expressed in terms of a Strickler coefficient k. The Strickler coefficient is linked to the bottom roughness and is often used in numerical models to compute the friction on the bottom. This section is devoted to the determination of the table-induced and bottom-induced shear stresses and the Strickler coefficients within and without the oyster structure. In order to determine the roughness length z 0 , the shear velocity and then the shear stress, the velocity profiles obtained by the LDV method are used ( figure 14) . Each profile is split into three parts: one above the table, another one under the table and the Two areas of calculation are distinguished: an area upstream the table where the parameters are computed without the influence of the structure, and another area along the table, within the influence of the structure. For the latter area, the total shear stress on the whole water column is computed for each profile by summing up the local shear stresses (table 1) . A linear regression in semi-log coordinates is performed on each part of the experimental velocity profiles and gives z 0 and u*. The shear stress τ is computed from τ = ρu* Table 1 : roughness length z 0 , shear velocity u* and shear stresses τ in profiles 11, 13 and 14.
Hydrodynamics
The different values of z 0 and τ above and under the table could be explain by different geometries: above the table, there is a succession of bags which can be compared to sand ridges, and under the table the profile of the bags is flatter due to the presence of horizontal iron bars. The velocity profile upstream the table (in x = -0.90 m) gives a roughness length of 3.10 -5 m and a bottom shear stress of 0.52 N. The presence of the oyster table entails a total shear stress ten times higher than the shear stress without the structure.
According to
, the Strickler coefficient k is often used to parameterize coastal hydrodynamic models current dissipation. Oyster farming areas should therefore be characterized by a Strickler coefficient √10 smaller than without oyster farms. Nevertheless this value is overestimated since in an oyster farm there are rows of oyster tables and alley without tables too (figure 1). Cayocca et al. [4] used a Strickler coefficient divided by 1.8 for mussel farms areas modelling. In previous physical experiments [21] , it was shown that the Strickler coefficient is divided by 1.4 to 2.5 in mussel farms.
4.2.
Sediment dynamics close to an oyster table 4.2.1. Bottom shear stress:
Near-bed velocities and shear stresses both drive the sediment particles motion [26] . The bottom shear stress upstream the oyster table is 0.52 N. Due to the presence of the structure and in spite of the flow slower velocities, the bottom shear stress τ increases under the table: it reaches 0.8 N for the 2 firsts profiles and 2 N for the last one. Since the sediment motion is initiated by a critical value of this bottom shear stress τ, this increase of τ is significant. Nevertheless, these values must be examined with a critical eye: the linear regression on the velocity profile close to the bottom is based on two points only. The value of 2 N, at a location where there is an important interaction between the boundary layers, is not very reliable. This attempt of bottom shear stress calculation need therefore to be validated by direct measurements of turbulent velocity fluctuations and Reynolds shear stresses (ρ<u x 'u z '>) in future studies. The generalization of this increase of the bottom shear stress is difficult due to the length of the model table compared to an oyster table in the field.
Turbulence and suspended matter:
Since oysters locally produce fine particles it is very important to determine turbulence in the water column under the oyster table. Via flocculation and fragmentation processes, turbulence controls the size and the settling velocity of this suspended matter and so affects sediment transport and deposition. The energy of turbulent dissipation is investigated by a turbulent-closure model K-ε, function of the Turbulent Kinetic Energy (TKE) K and the dissipation rate ε:
where u' x , u' y and u' z are the fluctuating parts of the velocity, C v is a dimensionless constant equal to 0.09 [13] and l is the mixing length, here equal to 0.25 (oyster bag characteristic length). LDV measurements only give access to the horizontal velocity components of the flow. The previous figures suggest that the flow has the same way of skirting round the table along the y-direction and along the z-direction. So, the assumption is made that the fluctuating part of the vertical velocity component is equal to the fluctuating part of the transverse velocity component, i.e.
Under this hypothesis, the TKE distribution around the overall table in the median plane is calculated and shown on figure 15 . TKE values decrease away from the structure, with maximum values of 0.006 m 2 .s -2 close to the oyster bags and to the bottom. "table-induced" TKE does not propagate to the bed: the oyster table has an impact on the water column, in terms of turbulence, but not directly on the bed. TKE values measured in-situ close to the bed without oyster farms are presented on figure  15 . These values, measured by means of an Acoustic Doppler Velocimeter (ADV), are estimated using velocity variances filtered from the wave contribution [28] . They are of the same order as our experimental ones near the table. Thus, it affects in the same manner the lower part of the water column. So, in an oyster farming area, bed roughness and oyster structures both contribute to turbulence in the water column, despite the fact that the oyster structure does not directly affect bed sediments. But figure 15 results suggest that the interaction between the bottom boundary layer and the The TKE produced by the table can also affect flocculation and fragmentation processes of suspended particulate matter. In order to evaluate some preferential area of flocculation or fragmentation, the Kolmogorov microscale is calculated:
where ν is the kinematic viscosity of water.
The Kolmogorov microscale characterizes the smallest turbulent structures of the flow. At this scale, vortices dissipate kinetic energy in viscous form. Figure 16 displays the map of Kolmogorov microscale in the median plane. The oyster table modifies the flow in the whole water column. Around the structure, a preferential area of fragmentation is created (area in blue). Below the table, this area is half an oyster table height from the oyster bags. In this fragmentation area, conditions are not favourable to sediment flocculation and the size of particles will not exceed 300 μm, i.e. the size of the microscale. Flocculation processes are very complex due to the suspended particulate matter rates and organic contents, more particularly in the case of oyster faeces production. More precise studies are needed to go further on this point. 
Conclusions
The near-field impact of an oyster table on flow has been investigated in a flume tank. These experimental results highlight an asymmetric development of boundary layers around the overall structure, with some important areas of flow slowing down, particularly under the table. When the bed shear velocity exceeds the particles fall velocity, the sediment particles can be lifted and may be transported in suspension. That is what happens in the field where currents are sufficiently strong to transport sediments in suspension. But this study results highlight the fact that oyster farms can locally modify the strength of the currents by creating new boundary layers and so on can modify sediment transport and can cause preferential locations of silting up. Moreover a significant part of the water column is affected by the presence of the structure; a large fragmentation area is created just below the oyster bags, according to the Kolmogorov microscale distribution. An oyster structure will therefore locally play a role in the behaviour of suspended matter.
The roughness length, the shear velocity and the shear stress were calculated with and without the oyster table. The total shear stress within the structure is ten times higher than the shear stress without the structure. The presence of oyster tables is very important for current dissipation, more particularly for a wide extension modelling, at the scale of a bay.
These results also show the effect of the table length. We can see especially differences in the establishment of the upper table boundary layer and in the interactions between the lower table and the bottom boundary layers. Nevertheless, numerical studies are needed to improve this effect of the table length with a modelling of more realistic lengths. So, the present study will be used for the calibration of a computational fluid dynamics (CFD) model within the same configuration as the experimental one. After validation, this CFD model could be extended to several directions of the flow towards table alignment, and to several tables' configurations too. Future experimental studies on incidence effects and for different upstream velocities will be carried out and will help the development of this CFD model. A specific study to evaluate the possibility to use this model at higher scales will be of great interest to give information at the scale of an oyster farm. From a wider (applied) fluid mechanics point of view, this kind of study on the impact of structures on shallow water flows is highly advisable. The experimental modelling of such underwater structures (oyster and mussel farms, submerged vegetation, ..) allows the calibration of numerical models for hydrodynamics or sediment dynamics by providing an adapted Strickler coefficient; especially as the recent development of renewable energy systems in coastal environments, like offshore wind turbine farms.
